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Abstract 

The  construction  of  a  gas-fuel-feed  direct  methanol  fuel  -ell  is  described  in  detail  and  the  optimisation  of  the  active  electrode  fabrication 
process  is  also  reviewed.  For  this  vapour  phase-system,  it  has  proved  possible  to  dev: lop  a  Nation"  encapsulated  process  in  which  the  porous 
carbon  electrodes  were  bonded  with  Nation"  rather  than  polytetrafluoroethylene  ( PTFE).  Initially,  PTFE  was  removed  only  from  the  anode 
paste,  but  it  was  found  that  PTFE  was  also  unnecessary  at  the  cathode.  The  best  performance  was  found  for  extremely  thin  catalysed  carbon 
layers  at  the  two  electrodes,  and  to  reduce  loadings,  thin  layers  of  uncatalysed  carbon  were  inserted  between  the  carbon  cloth  current  collectors 
and  the  catalysed  carbon  layers.  The  final  electrodes  had  loadings  of  2  mg  cm  2  on  the  anode  and  0.5  mg  cm  2  on  the  cathode  and  gave  peak 
power  densities  of  0.35  W  cm  2  with  oxygen  and  0.22  W  cm  2  with  air  as  the  combustant.  ©  1997  Elsevier  Science  S.A. 
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1.  Introduction 

In  the  previous  paper  [  I J,  the  performance  of  a  variety  of 
membrane-electrode  assemblies  (MEAs)  in  a  prototype  liq¬ 
uid-feed  direct  methanol  fuel  cell  (DMFC)  was  described. 
The  DMFC  has  attracted  considerable  attention  in  the  last 
few  years  [  2 1  since  it  offers,  at  least  potentially,  an  alternative 
and  relatively  simple  power  source  for  transport.  Attention 
has  particularly  focused  on  DMFC  cell  designs  with  solid 
polymer  electrolytes  ( SPE)  such  as  Nation "  ,  since  such  cells 
offer  considerable  engineering  advantages.  However,  there 
remain  real  problems  with  the  realisation  of  this  type  of  fuel 
cell,  even  in  the  SPE  configuration,  as  discussed  in  the  pre¬ 
vious  paper.  However,  improvements  in  the  anode  perform¬ 
ance  in  the  last  few  years  have  led  to  the  view  that  even  with 
these  recognised  drawbacks,  efforts  should  be  made  to 
construct  complete  cell  prototypes  for  testing  [  3-6] . 

As  indicated  previously,  the  key  to  cell  construction  is  the 
MEA  that  lies  at  the  heart  of  the  fuel  cell  system.  Optimisation 
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of  this  MEA  can  only  be  carried  out  within  the  confines  of 
the  overall  system,  including  not  only  the  design  of  the 
mechanical  framework  but  also  the  central  decision  as  to 
whether  the  fuel  is  supplied  as  a  liquid  or  a  vapour.  In  the 
previous  paper,  we  considered  the  first  of  these  cases,  that  of 
liquid-feed,  and  compared  the  advantages  and  disadvantages 
of  liquid-  and  vapour-feed  systems.  In  this  paper,  we  turn 
to  the  provision  of  the  fuel  as  the  vapour,  and  explore  the 
problems  associated  with  this  type  of  system. 

In  addition  to  the  fuel  supply  system,  vapour-phase  cells 
are  also  very  sensitive  to  the  pressure  on  the  cathode  side, 
and  considerable  effort  has  gone  into  the  design  and  construc¬ 
tion  of  more  sophisticated  controlled  pressure  systems  than 
those  necessitated  by  our  initial  studies  on  liquid-feed  cells. 
Although  the  same  caveats  apply  to  pressurised  vapour-feed 
systems  as  liquid-feed  systems,  the  effect  of  pressure  on  per¬ 
formance,  particularly  for  methanol/air  cells,  is  so  great  that 
parasitic  losses  associated  with  the  compressor  system  are 
more  than  likely  to  be  paid  back  by  enhanced  overall 
efficiencies. 

As  for  the  liquid-feed  system  already  described,  the 
vapour-feed  cell  system  has  been  constructed  with  certain 
fundamental  material  requirements  in  mind.  These  are  very 
similar  to  the  constraints  described  in  the  previous  paper. 


126 


M.  Hogarth  et  al.  /Journal  of  Power  Sources  69  (1997)  125-136 


with  low-corrosion  materials  of  good  thermal  conductivity 
essential. 

Using  a  vaporised  fuel  has,  in  principle,  a  number  of  advan¬ 
tages  over  liquid  fuel  in  terms  of  performance.  In  the  gas 
phase,  both  mass  transport  and  electrode  kinetics  are 
enhanced,  resulting  in  significant  increases  in  cell  perform¬ 
ance.  It  was  anticipated  that  using  hot  methanol/ water  vapour 
mixes  at  200  °C  would  produce  localised  heating  of  the  elec¬ 
trode  assembly,  but  this  was  not  observed.  Our  vapour-feed 
cell  is  described  in  detail  below,  and  early  performance  indi¬ 
cators  from  the  c^ll  suggest  that  with  suitable  choice  of  design 
parameters,  extremely  encouraging  data  can  be  obtained. 


Experimental 

2.  /.  Cell  construction 


The  most  primitive  form  of  gas-fuel-feed  system  involves 
the  use  of  an  inert  carrier  gas,  such  as  nitrogen,  to  facilitate 
the  circulation  of  both  methanol  and  water  vapours  around 
the  cell.  A  sealed  glass  reservoir  of  the  methanol /water  mix¬ 
ture  was  externally  heated  and  maintained  at  60  °C  using 
heating  pads  ( Watlow  240  V  1 50  W ) .  Nitrogen  was  supplied 
from  a  pressurised  cylinder  using  a  regulator  and  a  needle 
valve  to  control  the  flow  rate.  The  nitrogen  was  introduced 
into  a  tightly  wound  glass  coil  which  was  submerged  to  a 
depth  of  20  cm  in  the  fuel  mixture.  A  porous  glass  sinter  was 
located  in  the  opposite  end  of  the  coil  to  act  as  an  atomiser. 
The  resulting  gas  mixture  was  directed  into  the  anode  com¬ 
partment  of  the  fuel  cell  and  waste  products  were  collected 
in  a  separate  reservoir. 

This  method  had  the  advantage  of  simplicity,  but  the  rate 
of  supply  of  methanol  was  difficult  to  control,  and  the  nitro¬ 
gen  gas  acted  as  a  diluent,  with  the  result  that  attention  turned 
quickly  to  the  flash- vaporisation  of  the  methanol /water  mix¬ 
ture  on  a  hot  surface,  with  the  resulting  super-heated  gases 
being  directed  into  the  anode  compartment  of  the  cell.  A  block 
diagram  of  the  flash  vapour  system  is  shown  in  Fig.  1. 
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rig.  1.  Block  diagram  of  vapour-feed  fuel  delivery  system. 


The  methanol /water  mixture  was  pumped  into  a  pair  of 
heated  quartz  coils  using  a  peristaltic  pump  and  the  resulting 
vapour  directed  into  the  cell.  The  double-quartz  coil  config¬ 
uration  ensured  complete  vaporisation  of  the  fuel,  producing 
a  more  homogeneous  jet.  The  quartz  coils  were  heated  using 
100  W  barrel  heaters,  and  a  thermocouple  junction  was 
attached  to  the  vapour  outlet  tube  to  determine  the  tempera¬ 
ture  of  the  emerging  vapour.  By  means  of  feedback  electron¬ 
ics,  the  methanol  /water  vapour  temperature  was  kept 
constant  at  200  °C.  The  vapour  flow  rate  was  determined  with 
the  pump  flow  rate  setting.  A  fuel  recovery  system  was 
employed,  in  which  the  exhaust  vapour  from  the  cell  was 
passed  into  a  water-cooled  condensing  coil,  and  the  resulting 
liquid  pumped  into  the  fuel  reservoir.  In  this  way  the  cell 
could  be  operated  for  many  hours  on  a  single  reservoir  of 
fuel. 

As  for  the  liquid-feed  system,  control  of  the  pressure  in  a 
vapour-feed  DMFC  is  of  considerable  potential  importance. 
The  early  manometer  system  developed  lor  liquid-feed  sys¬ 
tems  proved  unreliable  at  practical  pressures,  and  a  second 
pressurisation  system  was  constructed  from  high  pressure 
stainless-steel  gas  fittings  instead  of  the  silicone  rubber  tube 
fittings  previously  employed,  as  shown  in  Fig.  2.  The  fittings 
were  screwed  directly  into  the  field  plates  of  the  cell,  together 
with  a  neoprene  rubber  gasket  to  obtain  an  excellent  gas  seal. 
A  second,  dedicated  fine  adjustment  needle  valve  was  used 
to  control  the  cell  pressure  and  the  water  produced  at  the 
cathode  could  escape  past  the  valve  into  a  reservoir.  Pressures 
in  excess  of  5  bar  were  easily  attained  with  this  improved 
configuration  and  the  cell  pressure  could  be  conveniently 
monitored  with  the  integrated  pressure  gauge. 

The  design  specification  of  the  cell  used  for  the  vapour- 
feed  experiments  is  shown  in  Fig.  3,  and  is  a  development  of 
the  liquid-feed  cell  described  in  the  previous  paper.  The  field 
plates  were  constructed  in  graphite  rather  than  the  PTFE- 
mica  composite  used  in  the  liquid-feed  cell,  and  offered  a 
more  rigid  support  for  the  electrode.  Instead  of  using  a  graph¬ 
ite  paper  flow  channel,  a  flow  channel  was  cut  directly  into 


Fig.  2.  Schematic  of  high-pressure  gas  manifold  with  integrated  pressure 
gauge. 
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Fig  4.  Flow  channel  design  of  the  vapour-feed  cell. 


each  graphite  block  to  a  depth  of  1  mm  to  the  design  shown 
in  Fig.  4.  Two  alignment  pins  were  again  employed  to  aid  in 
the  alignment  of  the  various  gaskets  and  the  electrode  assem¬ 
bly.  It  was  necessary  to  provide  additional  insulation  in  the 
form  of  PTFE  bushes  at  each  comer  of  the  graphite  block  to 
prevent  electrical  shorting  when  the  compression  rods  were 
inserted.  A  gas  seal  was  made  using  two  graphic  paper  sheets 
( Papyex-N  paper,  Le  Carbone)  which  were  cut  with  a  9  cm2 
hole  so  as  not  to  cover  the  flow  channels  on  the  graphite 
plates,  and  two  PTFE  gaskets,  which  presented  6  cm7  of 
electrode  area.  However,  the  current  densities  were  adjusted 
to  2  cm2  which  corresponds  to  the  open  channel  area  of  the 
flow  pattern.  The  graphite  plates  were  recessed  around  the 
flow  channel  to  the  depth  of  the  graphite  paper  so  that  the 
graphite  paper  gasket,  when  i  >  position,  was  level  with  the 
ribs  of  the  flow  channel.  Eat'  graphite  plate  had  two  bore 
holes  in  one  of  its  narrow  sides  into  which  the  fuel  and  oxidant 
systems  were  fitted.  The  bore  holes  emerged  at  right  angles, 
out  through  the  front  face  of  the  block  at  opposite  comers  of 
the  flow  channel  pattern. 

Cell  heating  was  accomplished  using  two  integrated  heat 
ing  pads,  and  offered  temperature  control  across  the  25-120 


°C  range.  A  screw  embedded  into  each  graphite  block  acted 
as  the  current  collectors  for  connection  to  the  external  load. 

The  majority  of  sealing  problems  experienced  with  the 
liquid-feed  cell  were  solved  in  this  second  design.  In  partic¬ 
ular,  cell  pressurisation  was  effected  up  to  pressures  of  5  bar 
without  leakage.  Both  fuel  and  oxidant  were  supplied  from 
the  bottom  portion  of  the  cell,  up  through  the  flow  channel 
and  out  of  the  upper  portion  of  the  cell.  This  configuration 
prevented  drying  of  the  cathode,  and  any  excess  water  was 
transported  through  the  manifold  into  a  reservoir. 

2.2.  Electrode  fabrication 

Electrodes  and  membrane  electrode  assemblies  were  fab¬ 
ricated  with  methods  similar  to  those  described  in  the  previ¬ 
ous  paper,  with  one  important  difference.  For  the  vapour-feed 
system,  it  proved  possible  to  develop  a  Nation®  encapsulated 
process  in  which  the  porous  carbon  electrodes  were  bonded 
with  Nafion®,  and  contained  no  PTFE.  This  allowed  elec¬ 
trodes  to  be  fabricated  with  very  thin,  highly  loaded,  catalysed 
carbon  layers,  in  order  to  reduce  ohmic  losses  and  increase 
catalyst  utilisation. 
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2.3.  Electrodes  of  type  D 

The  anode  layer  was  prepared  with  only  a  Nation ,!  binder. 
A  weighed  quantity  of  catalysed  carbon  was  carefully  mixed 
with  100  mg  of  Nation 11  solution  (5  wt.%,  Aldrich)  and  a 
small  quantity  of  isopropanol  and  water  (1:2)  to  give  a  thin 
ink-like  paste.  The  ink  was  allowed  30  min  to  soak  in  the 
Nation®  solution  before  being  carefully  spread  onto  a  carbon 
cloth  to  a  thickness  of  about  0.5  mm  and  geometric  area 
9  cnr. 

The  cathode  layer  was  prepared  by  mixing  a  weighed  quan¬ 
tity  of  catalysed  carbon  with  a  PTFE  suspension  and  a  small 
quantity  of  isopropanol  and  water  (1:2).  The  carbon/PTFE 
ink  was  carefully  mixed  manually  for  15  min  to  give  a  putty- 
like  material,  and  then  spread  onto  a  carbon  cloth  to  a  thick¬ 
ness  of  about  I  mm  and  geometric  area  9  cnr.  Following 
this,  the  cathode  wus  cold  pressed  for  10  min  under  a  load  of 
100  kg  cm  '  followed  by  sintering  at  350  °C  for  30  min. 

Both  electrodes  were  given  2  brush  coats  of  Nalion  *'  solu¬ 
tion  to  give  the  required  loadings  and  were  allowed  to  dry  in 
air  for  10  min  before  being  assembled  with  a  Nation'1 
membrane.  The  complete  electrode  assembly  was  placed 
between  two  stainless-steel  plates  with  a  non-stick  paper 
backing  and  gradually  heated  over  a  5-min  period  to  1 35  °C 
under  a  load  of  I  kg,  and  compacted  at  75  kg  cm  -  for  3  min. 
Following  compaction,  the  electrode  assembly  was  immedi¬ 
ately  soaked  in  cold  Milliporc  conductivity  water  for  2  h  prior 
to  mounting  in  the  cell. 

Table  I  summarises  the  composition  and  the  compaction 
conditions  used  during  electrode  manufacture  1 1 |.  The  anode 
layer  consisted  of  a  60  wt.%  Pt-Ru  catalyst  and  the  cathode 

Tui.le  I 

Summary  of  compaction  conditions  and  electrode  compositions  of  ME  A  Dl 


a  40  wt.%  Pt  catalyst  with  the  Pt  loadings  maintained  at  5  mg 
cm  ~~ 2  on  each  electrode. 

2.4.  Electrodes  of  type  E 

The  encouraging  results  for  electrodes  of  type  D  led  nat¬ 
urally  to  MEAs  in  which  PTFE  was  removed  from  both  the 
anode  and  the  cathode.  The  anode  and  cathode  electrodes 
were  prepared  identically  as  follows. 

A  weighed  quantity  of  catalysed  carbon  was  carefully 
mixed  with  100  mg  of  Nation  '  solution  and  a  small  quantity 
of  isopropanol  and  water  (1:2)  to  give  a  thin  ink.  The  ink 
was  allowed  30  min  to  soak  in  the  Nation  "  solution  before 
being  carefully  spread  onto  a  carbon  cloth  to  a  thickness  of 
about  0.5  mm  and  geometric  area  9  cnr.  The  electrode  was 
then  brush  coated  with  2  coats  of  Nation®  solution  to  give 
the  required  loading,  and  allowed  to  dry  for  10  min  before 
being  assembled  with  a  Nation"  membrane.  The  complete 
electrode  assembly  was  placed  between  two  stainless-steel 
plates  with  a  non-stick  paper  backing  and  gradually  heated 
over  a  5-min  period  to  135  °C  under  a  load  of  I  kg,  and 
compacted  at  75  kg  cm  2  for  3  min.  Following  compaction 
the  electrode  assembly  was  immediately  soaked  in  cold  Mil- 
lipore  conductivity  water  for  2  h  prior  to  mounting  into  the 
cell. 

Table  2  summarises  the  compositions  and  compaction  con¬ 
ditions  used  during  electrode  fabrication.  Both  E-type  elec¬ 
trodes  contained  a  Pt  loading  of  5  mg  cm  2  on  the  anode, 
and  3  mg  cm  :  ( E2)  or  5  mg  cm  2  (El)  on  the  cathode. 
Electrode  El  was  prepared  from  a  60  wt.%  Pt-Ru  catalyst 
for  the  anode  and  a  40  wt.%  Pt  catalyst  for  the  cathode. 
Electrode  E2  was,  however,  prepared  from  an  80  wt.%  Pt- 


Electrode  composition  Pressing  conditions 

Anode  Cathode 


DP 


bOwt,’*  Pt-Ru  1 5  mg  Pt  cm  2 ) 
1. 1  mg  Nation"  cm  ' 


40  \vt.r4  Pt  ( 5  mg  Pt  cm 
15  wt,*/f  PTFE 
0.8  mg  Nation "  cm 


2) 


''  Cathode  compacted  under  100  kg  cm  '  for  10  min  prior  to  sintering. 


Table  2 

Summary  of  compaction  conditions  and  electrode  compositions  of  MEAs  El  and  E2 


75  kg  cm  * 
135  °C 
ISOs 


4*2 


80wP*Pt-Ru  ( 5  mg  Pt  cm  2 ) 
1.4  mg  Nation  cm  2 


60  wt.#  Pt  ( 3  mg  Pt  cm  2 ) 
1. 1  mg  Nation  cm  2 


75  kg  cm  2 
135  °C 
180  s 
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Ru  catalyst  for  the  anode  and  60  wt.%  Pt  catalyst  for  the 
cathode. 


2.5.  Electrodes  of  type  F 

The  performance  of  electrodes  of  type  E  shows  a  further 
marked  improvement,  arising  from  the  implementation  of 
extremely  thin,  highly  loaded  catalyst  layers  bonded  directly 
to  the  Nation00  membrane.  However,  there  is  a  lower  limit  to 
the  thickness  with  which  a  carbon  layer  can  be  spread  onto  a 
carbon  cloth  because  of  the  cloth’s  absorbing  nature.  This 
was  a  particular  problem  at  the  anode  when  using  the  80  wt.% 
Pt-Ru  catalyst,  which  contains  very  little  carbon.  The  prob¬ 
lem  is  further  complicated  if  the  catalyst  loading  is  to  be 
lowered,  since  the  quantity  of  catalysed  carbon  is  reduced 
and  is  hence  more  difficult  to  spread  onto  the  carbon  cloth. 
These  problems  have  been  reduced  to  a  large  extent  by  mod¬ 
ifying  the  electrode  structure  through  the  insertion  of  an  unca¬ 
talysed  porous  carbon  layer  between  the  catalyst  layers  and 
the  carbon  cloth,  giving  a  less  absorbent  base  to  spread  the 
catalyst  inks  and  a  suitable  gas  diffusion  layer.  Consequently, 
the  catalyst  loadings  were  reduced,  yielding  electrodes  which 
contained  a  catalyst  layer  of  only  about  100  |xm  thickness. 

The  laminar  configurations  of  the  composite  electrode  and 
standard  electrode  used  within  ME  As  are  shown  in  Fig.  5.  A 
catalyst  layer  prepared  from  15  wt.%  Pt  catalyst  (0.5  mg 
cm  ~ 2 )  was  bonded  directly  onto  the  membrane,  and  an  unca¬ 
talysed  carbon  gas  diffusion  layer  was  then  placed  on  this 
catalyst  layer.  The  electrode  was  prepared  as  follows. 

Two  carbon  inks  were  prepared  as  previously  described 
for  electrodes  of  type  E.  The  uncatalysed  carbon  ink  was 
prepared  by  mixing  50  mg  of  uncatalysed  carbon  black 
(Ketjen  EC600-JD)  with  50  mg  of  Nation®  solution  and  a 
small  quantity  of  Millipore  conductivity  water  and  isopro¬ 
panol  (2:1).  Simultaneously,  a  catalysed  carbon  ink  was  pre¬ 
pared  by  mixing  the  required  quantity  of  catalysed  carbon 
with  50  mg  of  Nation®  solution  and  a  small  quantity  of 
Millipore  conductivity  water  and  isopropanol  (2:1).  After 
30  min  (to  allow  Nation®  to  be  absorbed  by  the  carbon),  a 
thin  layer  (  ~0.25  mm)  of  the  uncatalysed  carbon  ink  was 
spread  onto  a  carbon  cloth  of  area  9  cm2.  The  catalysed  carbon 
ink  was  immediately  spread  on  top  of  this  uncatalysed  layer 


(a)  composite  electrode  (b)  standard  electrode 

Fig.  S.  Comparison  of  standard  and  composite  electrode  configurations. 


and  the  electrode  was  then  brush-coated  with  two  coats  of 
Nation®  solution,  and  compacted  as  previously  described 
above. 

Two  ME  As  have  been  fabricated  with  this  technique:  the 
first  has  the  anode  prepared  as  a  single  layer  and  the  cathode 
as  a  composite  layer.  The  second  has  both  electrodes  prepared 
as  composites. 

Table  3  summarises  the  composition  and  the  compaction 
conditions  used  during  electrode  manufacture.  For  ME  A  FI, 
the  anode  was  prepared  as  for  electrodes  of  type  E,  from 
70  wt.%  Pt-Ru,  with  the  Pt  loading  maintained  at  5  mg  cm  ~ 2, 
but  the  cathode  was  prepared  as  a  two-layer  composite  with 
a  Pt  loading  of  0.5  mg  cm  ~ 2.  For  electrode  F2,  the  composite 
anode  was  prepared  from  70  wt.%  Pt-Ru  catalyst  with  a  Pt 
loading  of  2  mg  cm-2,  and  the  composite  cathode  was  pre¬ 
pared  from  15  wt.%  Pt  catalyst  with  a  Pt  loading  of  0.5  mg 
cm-2. 


3.  Results  and  discussion 

/.  Electrodes  of  type  D 

Fig.  6(a)  and  (b)  shows  the  performance  of  electrode  D1 
operating  in  the  vapour-feed  cell  at  97  °C  with  2  M  methanol 
and  oxygen  at  a  pressure  of  1 .5  bar.  The  data,  which  are  not 
//^-corrected,  show  a  very  high  electrode  performance  for  D 1 , 


Table  3 


Summary  of  compaction  conditions  and  electrode  compositions  of  MEAs  F I  and  F2 


Electrode  composition 

Pressing  conditions 

Anode 

Cathode 

FI  ■ 

70wt.%Pt-Ru  ( 5  mg  Pt  cm  " 2 ) 

1 .4  mg  Nation®  cm  ' 2 

15  wt.%  Pt  (0.5  mg  Pt  cm'2) 
l.l  mg  Nation®  cm  2 

75  kg  cm  ‘ 2 

135  °C 

180  s 

F2  “ 

70wt.%Pt-Ru  ( 2  mg  Pt  cm  2 ) 

1 . 1  mg  Nation®  cm  ' 2 

1 5  wt.%  Pt  ( 0.5  mg  Pt  cm ' 2 ) 

1 . 1  mg  Nation®  cm  “ 2 

75  kg  cm  2 

140  °C 

180  n 

a  Nation®  loading  including  uncatalysed  carbon  layer  for  composite  electrode. 
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Fig.  6.  ( a )  Polarisation  curve  for  electrode  D 1  operating  in  the  vapour-feed  cell  at  97  °C  with  2  M  aqueous  methanol  at  the  anode  and  oxygen  at  1 .5  bar  pressure 
at  the  cathode.  ( b )  Power  density  data  for  the  cell  of  Fig.  6(a). 

with  cell  voltages  of  0.58  and  0,47  V  at  100  and  200  mA 
cm  ~ 2,  respectively.  The  performance  of  the  electrode  assem¬ 
bly  was  particularly  impressive  at  higher  current  densities, 
with  cell  voltages  of  0.3  and  0, 1  V  at  current  densities  of  500 
and  1000  mA  cm  respectively.  The  electrode  produced  a 
maximum  power  density  of  0.155  W  cm  2  which  is  nearly 
double  the  value  attained  for  the  previous  electrode  type  oper¬ 
ating  with  liquid  methanol.  This  level  of  performance  was 
very  encouraging,  even  though  relatively  high  catalyst  load¬ 
ings  were  required  on  the  both  the  anode  and  cathode  to  attain 
this  level. 

Fig.  7  shows  the  results  of  life-time  tests  carried  out  with 
electrode  D1  over  a  8-h  period.  Evidently  there  is  very  little 
degradation  of  the  cel!  voltage  over  this  time  period  at  the 
load  currents  used.  This  suggests  that  long-term  poisoning  of 
the  cathode  from  methanol  permeation  was  not  as  serious  a 
problem  as  expected  ( 2 1 , 

The  performance  of  electrode  Dl  was  very  high  in  com¬ 
parison  to  the  previous  electrode  types  explored  in  the  liquid- 
feed  cells.  A  peak  power  output  of  0,155  W  cm-2  was 
recorded  at  a  current  loading  of  ~ 600  m A  cm-2,  which  is 
double  the  performance  of  electrode  C 1  in  the  previous  paper. 

Importantly,  endurance  testing  of  the  electrode  showed  no 
sericuN  deterioration  in  ceil  performance.  The  initial  problems 
of  hi"h  ohmic  losses  and  low  ionic  conductivities  appear  to 


have  been  overcome  to  a  large  extent.  This  has  come  about 
through  much  improved  contact  between  the  porous  carbon 
layers  and  the  Nafion®  membrane,  and  a  reduction  in  the 
thickness  of  the  porous  carbon  layers. 

3.2,  Electrodes  of  type  E 

Fig.  8(a)  and  (b)  shows  the  gradual  change  in  perform¬ 
ance  of  the  Nafion®  encapsulated  electrode  assembly  (El ) 
over  a  period  of  77  h,  operating  at  97  °C  with  a  methanol  feed 
and  oxygen  at  a  pressure  of  1 .5  bar.  The  initial  activity  of  the 
electrode  was  quite  poor,  but  after  77  h  the  electrode  perform¬ 
ance  reached  a  peak  performance  of  0.3  and  0.1  V  at  current 
densities  of  500  and  1000  mA  cm"2,  respectively.  Open- 
circuit  potentials  in  excess  of  0.9  V  were  recorded  which  are 
comparatively  high  to  those  reported  in  our  previous  and 
earlier  papers  1 7-9  ] ,  and  the  peak  power  density  was  seen  to 
increase  from  its  initial  value  of  ~  0.03  W  cm  _  2  to  the  more 
respectable  value  of  0.15  W  cm-2  after  77  h  continuous 
operation,  a  fivefold  increase  in  magnitude. 

There  is  a  number  of  possible  rationales  that  could  account 
for  the  extended  periods  required  for  electrode  conditioning. 
The  most  likely  is  that  the  electrode  becomes  severely  dehy¬ 
drated  during  electrode  compaction.  It  is  also  possible  that 
there  are  some  residual  alcohols  from  the  Nafion®  solution 
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Fig.  7.  Lifetime  tests  for  the  cell  of  Fig.  6(  a )  over  an  8-h  period  and  different  current  densities. 
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Fig.  8.  (a)  Polarisation  data  for  the  Nation11  encapsulated  electrode  assembly  El  over  a  period  of  77  h  operating  at  97  °C  with  2  M  aqueous  methanol,  and 
oxygen  at  1.5  bar  (b)  Power  density  for  the  cell  of  Fig.  8(a). 
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which  remain  locked  within  the  pores  of  the  electrode.  The 
porous  structure  of  the  electrode  may  also  change  during  the 
conditioning  process,  with  more  catalyst  becoming  accessible 
to  methanol  and  oxygen  following  extended  periods  of 
operation. 

One  obvious  and  important  consideration  is  the  high  cat¬ 
alyst  loadings  used  in  electrode  El.  The  anode  contained 


5  mg  Pt  cm-2  and  2.5  mg  Ru  cm"2,  while  the  cathode  con¬ 
tained  5  mg  Pt  cm"2.  Consequently,  electrode  E2  was  fab¬ 
ricated  with  a  reduced  platinum  loading  of  3  mg  Pt  cm  2  on 
the  cathode.  The  catalyst  layers  were  also  reduced  in  thick¬ 
ness  by  using  more  highly  loaded  catalysed  carbons,  m  an 
attempt  to  reduce  ohmic  losses.  An  80  wt.%  Pt-Ru  catalyst 
was  used  for  the  anode  and  a  60  wt.%  Pi  catalyst  for  the 
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-o-  5mRPtcm-2  -*■-  3mRPtcm-2 

Fig.  9.  ( a  >  Comparison  of  (he  polarisation  curves  of  electrodes  of  types  E I  and  E2  under  conditions  identical  to  those  of  Fig.  8(a).  ( b )  Comparison  of  the 
power  density  data  for  electrodes  of  types  El  and  E2. 


cathode  with  correspondingly  reduced  Nation  *  loadings  to 
account  for  the  change  in  electrode  thickness  (see  Table  2), 
Fig,  9(a)  and  (b)  compares  the  performance  of  electrodes 
El  and  E2  operating  in  the  vapour-feed  cell  at  97  °C  wiih  2 
M  methanol  and  1.5  bar  oxygen  pressure.  Electrode'El  gave 
cell  voltages  of  0.33  and  0. 14  V  at  500  and  1000  mA  cm  ~ 2, 
respectively,  with  a  peak  power  density  of  0,17  at  700  mA 
cm  2,  The  performance  of  electrode  E2  was  significantly 
poorer,  giving  a  cell  voltage  of  just  0. 1 8  V  at  500  m  A  cm  ' 2 
with  a  corresponding  peak  power  density  of  0. 1  W  cm  2  at 
350  mA  cm"2. 

The  area  resistances  in  electrode  assemblies  of  type  E  were 
reduced  considerably,  to  values  around  0.3  O  cm2  by  remov¬ 
ing  the  PTFE  binder,  and  the  carbon  structure  of  the  elec¬ 
trodes  appeared  to  be  more  compact  without  the  PTFE  binder, 
possibly  leading  to  more  intimate  contact  between  the 
macroscopic  carbon  black  particles.  Unfortunately,  the  data 
also  illustrate  the  dramatic  decrease  in  electrode  activity  when 
the  Pt  loading  on  the  cathode  was  reduced  to  3  mg  cm-2. 
When  the  cathode  oxygen  pressure  was  increased  above  3 
bar,  the  electrode  performance  was  not  enhanced  as  expected, 
but  began  to  fall.  This  suggests  that  the  cathode  was  flooding 
which  reduced  the  accessibly  of  the  oxygen  to  the  catalyst. 


This  is  not  surprising  given  that  the  cathode  contained  no 
PTFE  to  control  its  hydrophobicity. 

3J.  Electrode  of  type  F 

The  flooding  problems  and  fabrication  difficulties  for  elec¬ 
trodes  of  type  E  have  led  us  to  composite  structures  of  type 
F  as  described  above.  Fig.  10(a)  and  ( b)  shows  the  perform¬ 
ance  of  electrode  FI  after  1 20-h  operation  in  vapour-feed  cell 
at  97  °C  with  2  M  aqueous  methanol  feed  and  oxygen  at  a 
pressure  of  3  bar. 

The  performance  of  electrode  FI  was  very  exciting;  it 
showed  the  successful  implementation  of  a  composite  cath¬ 
ode  containing  only  0.5  mg  Pt  cm-2.  The  measured  cell 
voltages  were  0.3  and  0.1  V  at  500  and  1000  mA  cm  2, 
respectively,  with  a  peak  power  density  of  0. 155  W  cm  2  at 
600  mA  cm”2.  This  level  of  performance  was  very  similar 
to  that  of  electrode  El  which  contained  a  standard  cathode 
with  a  Pt  loading  of  5  mg  cm-2,  and  substantially  better  than 
that  of  electrode  E2  which  contained  a  standard  cathode  with 
a  Pt  loading  of  3  mg  cm  ” 2. 

The  area  resistance  of  the  electrode  was  quite  small  at 
0.48  ft  cm2,  though  this  is  a  small  increase  from  electrode 
E 1 .  Fig.  1 1  shows  the  results  of  life-time  testing  of  electrode 
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Fig.  1 0.  ( a )  Polarisation  data  for  composite  electrodes  of  type  FI  at  97  °C  with  2  M  aqueous  methanol  and  oxygen  al  a  pressure  of  3  bar.  ( b )  Power  density 
data  for  the  electrode  of  Fig.  10(a). 
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Fig.  1 1.  Lifetime  testing  over  a  period  of  18  days  for  the  electrode  of  type  FI.  in  which  loads  of  400  mA  cm  -  were  applied  for  periods  of  several  hours 
on-and-off  to  simulate  driving  loads. 


FI  over  an  18-day  period  at  an  intermittent  load  of  400  mA 
cm  ~ 2  ( 0. 1 4  W  cnT 2 ) .  The  data  do  not  show  any  significant 
degradation  of  the  cell  voltage. 

Clearly,  the  fabrication  of  a  composite  cathode  has  aided 
in  the  dramatic  reduction  of  catalyst  loadings.  The  electrode 
performance  was  little  affected  when  the  Pt  loading  was 
reduced  from  5  to  0.5  mg  cm-2,  and  the  success  of  this 


composite  electrode  strategy  for  the  cathode  side  led  us  to 
prepare  both  electrodes  in  the  MEA  as  composites. 

Figs.  12(a),  (b)  and  13  show  the  performance  of  electrode 
F2  in  the  vapour-feed  cell  at  97  °C  with  2  M  methanol  at  a 
variety  of  oxygen  pressures.  The  cell  voltage  was  seen  grad¬ 
ually,  but  not  dramatically,  to  increase  at  higher  oxygen  gas 
pressures.  For  example,  the  cell  voltages  were  0.37  and 
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5  bar  02  -*-4bar02  -o-  3  bar  02  2  bar  02  -o-  5  bar  high  flow 

Fig.  12.  (u)  Polurisut  ion  dutu  for  electrode  F2  in  the  vupour-fced  cell  at  97  °C  with  2  M  methanol  at  different  oxygen  pressures.  ( b )  Power  density  data  for  the 
cell  of  Fig.  12(a). 


400mAcm-2  200m Acm-2 

Fig.  13,  Variation  of  cell  voltage  with  oxygen  pressure  for  the  cell  of  Fig.  12(a)  at  200  and  400  mA  cm  ' 2. 


0.24  V  at  current  loadings  500  and  1000  mA  cm  2,  with  a 
peak  power  density  of  0.24  W  cm”2,  when  the  cathode  was 
pressurised  at  2  bar.  The  cell  voltages  increased  to  0.43  and 
0.3  V  and  the  peak  power  density  to  0.31  W  cm-2  as  the 
oxygen  pressure  was  increased  to  5  bar.  The  highest  perform¬ 
ance  was  attained  at  5  bar  oxygen  pressure  with  a  high  oxygen 
flow  rate.  The  cell  voltages  increased  to  0.46  and  0.34  V  with 
a  maximum  powerdensity  of  >  0.35  W  cm  ”  2.  This  behaviour 


suggests  that  the  cathode  might  be  flooding,  and  that  the  high 
gas  flow  aided  the  removal  of  the  water  from  the  electrode 
pores.  It  is  also  possible  that  the  higher  oxygen  pressure 
inhibited  the  permeation  of  methanol  from  the  anode. 

The  cell  voltage  was  seen  to  increase,  for  both  load  cur¬ 
rents,  as  the  oxygen  pressure  was  increased.  However,  the 
cell  performance  when  operating  with  pressurised  air  is  of 
greater  practical  interest,  and  Fig.  14(a)  and  (b)  presents 
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-o-5  bar  -♦-4  bar  -a- 3  bar  2  bar  1  bar 

Fig.  1 4.  ( a )  Polarisation  data  for  electrode  F2  in  the  vapour-feed  cell  at  97  °C  with  2  M  methanol  at  different  air  pressures.  { b )  Power  density  data  for  the  cell 
ofFig.  14(a). 


data  for  the  same  electrode  assembly  operating  with  air  at  a 
variety  of  pressures.  The  open-circuit  potential  was  seen  to 
fall  from  about  0.8  to  0.6  V  with  air.  The  extent  of  cathode 
pressurisation  can  also  be  seen  to  have  a  more  dramatic  effect 
on  the  cell  performance  than  observed  with  oxygen.  At  1  bar 
pressure,  severe  concentration /mass  transport  limitations 
were  responsible  for  a  dramatic  decline  in  the  cell  perform¬ 
ance  for  the  methanol/air  cell.  The  highest  activity  was 
attained  again  at  5  bar  air  pressure,  the  cell  voltages  were 
0.37  and  0.2  V  at  current  loadings  of 500  and  1 000  m A  cm  " 2, 
the  peak  power  density  was  0.22  W  cm  " 2  at  a  current  loading 
of  800  m  A  cm  " 2.  The  area  resistance  of  the  electrode  assem¬ 
bly  when  operating  with  oxygen  was  0.21  ft  cm2,  which  is  a 
similar  to  the  values  attained  by  H2/02  cells  [9-1 1  ] . 


4.  Conclusions 

Evidently,  the  performance  of  our  gas-feed  systems 
exceeds  by  some  margin  the  performance  of  the  liquid-feed 
systems  described  in  the  previous  paper.  Furthermore,  appli¬ 
cation  of  composite  anodes  and  cathodes  have  led  to  consid¬ 


erable  reductions  in  the  catalyst  loadings.  Electrode  F2 
contained  Pt  loadings  of  2  mg  cm  " 2  on  the  anode  and  0.5  mg 
cm  ~ 2  on  the  cathode.  This  electrode  configuration  attained  a 
very  high  performance,  producing  peak  power  densities  in 
excess  of  0.35  W  cm-2  with  oxygen  and  0.22  W  cm-2  with 
air.  More  importantly,  the  electrode  was  capable  of  generat¬ 
ing  high  power  densities  at  useful  cell  voltages.  With  oxygen 
and  at  a  cell  voltage  of  0.5  V,  the  current  density  was  400 
mA  cm"2  which  corresponds  to  a  power  density  of  0.2  W 
cm"2.  Similarly  with  air  and  at  a  cell  voltage  of  0.4  V,  the 
current  density  was  400  mA  cm"2  which  corresponds  to  a 
power  density  of  0. 1 6  W  cm  " 2. 
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